trient limitation of lotic periphyton community biomass is a well-studied subject (see Borchardt 1996) . However, most such studies have been confined to relatively warm periods of time, typically midsummer. Only Winterbourn (1990 The purpose of this study was 3-fold. First, we sought to identify seasonal patterns in benthic algal biomass accrual rates and associated nutrient limitation in 12 New Zealand headwater streams. Second, correlations with physical, chemical, and biological parameters were used to indicate possible causal mechanisms for the observed seasonal patterns. Last, we examined the relationships between streamwater N:P ratios, cellular N:P ratios, cellular nutrient content, and results of nutrient-diffusing substrata (NDS) bioassays to assess the efficacy of using measurements of N:P ratios or cellular nutrient content to predict which nutrient (N or P) would limit biomass accrual on NDS bioassays.
Methods

Study sites
Twelve 3rd-order gravel-bed streams on the South Island of New Zealand were chosen for this study. These sites included streams with a range of bed stabilities and flood frequencies, and were sufficiently accessible for regular, year-round, sampling visits. Catchment geology was dominated by fine-grained metamorphic sandstone (greywacke or schist) and granites. The catchments of 6 streams were predominantly forested, whereas the remaining 6 catchments were mostly tall native tussock grasslands with low-intensity sheep grazing. All sampling sites received little direct shading during the day, but were partially shaded by vegetation and steep banks in the morning and late afternoon, particularly during winter. See Biggs et al. (1997 Biggs et al. ( , 1999 for additional site information.
Data collection
Hydrological data were collected as described by Biggs et al. (1997) . Flood frequency at each site and time in flood during NDS incubations were calculated as the number of flood events or the number of days for which discharge exceeded 3 times the annual median for a given stream (Clausen and Biggs 1997 (1999) . Cellular nutrient concentrations were determined by analyzing periphyton subsamples for N and P as total Kjeldahl N and total P, correcting for N and P in the streamwater, and normalizing cellular nutrient content to AFDM to give cellular nutrient concentrations (%Pc and %Nc, Biggs and Close 1989). These cellular nutrient measures included all nutrients sorbed to inorganic particles and organic detritus, and nutrients present in all periphytic microorganisms (e.g., algae, bacteria, fungi, protozoa). The total area sampled for periphyton was determined by measuring the x, y, and z dimensions of each stone with calipers, and applying the regression Hardened, ashless filter papers were placed over the tops of the reservoirs to serve as a growth surface for periphyton. A flat lid with longitudinal partitions 2 cm high (to maintain parallel flow and prevent nutrient diffusion onto neighboring treatments) was secured to the top of the box. Holes, the diameter of the reservoir necks, allowed the lid to be seated so that the filter papers were flush with the surface of the lid and exposed to stream current. Substrata were retrieved after a suitable incubation period (i.e., long enough to ensure adequate biomass development, but short enough to prevent autogenic sloughing; summer: 14-17 d, autumn: 18-21 d, winter: 22-27 d, spring: 17-18 d), and growth surfaces were removed and transported to the laboratory (in darkness, on ice) for chlorophyll analysis. Invertebrates present on the growth surfaces of the autumn, winter, and spring NDS bioassays were enumerated immediately following removal of bioassays from the streams. This protocol did not allow accurate counting of mobile invertebrate taxa (e.g., stoneflies and mayflies), but it was likely adequate for enumeration of more sessile taxa (in particular, caddisflies and chironomids), because removal from the stream did not appear to cause any loss of these organisms.
Data analysis
Nutrient limitation of benthic algal biomass accrual for each combination of stream and season was determined by applying 1-way ANOVA to data from the appropriate NDS bioassay (see Appendix 1 for results of individual experiments). To reduce heteroscedasticity, data were log(x + 1) transformed prior to analysis (Zar 1984 ). Tukey's HSD multiple comparison technique was used to calculate which treatments were significantly greater than others, thereby indicating which nutrient(s) were limiting. Nutrient limitation was inferred when significantly greater biomass (chlorophyll a) accrued on a nutrient-enriched treatment, relative to the control (no added nutrient) treatment; N + P co-limitation was considered to occur only for the bioassays in which the N + P treatment alone displayed significantly increased biomass. The degree of nutrient limitation of benthic algal biomass accrual was calculated for each NDS bioassay by calculating the ratio of mean biomass on nutrient-enriched substrata to mean biomass on control substrata (using whichever nutrient-enriched treatment displayed greatest biomass, almost always the N + P treatment). Thus, the degree of nutrient limitation reflected the extent to which overall nutrient availability (i.e., N + P, not N or P alone) limited algal biomass. by the incubation time (i.e., the net accrual rate of Stevenson 1996) . Use of this calculation did not imply that the actual benthic algal biomass accrual rates were linear; it was used only to provide a simple, relative measure of biomass accrual rates. Seasonal patterns in benthic algal biomass accrual rates, the degree of algal nutrient limitation, and invertebrate densities were assessed with univariate repeated measures ANOVA. All data were log(x + 1) transformed prior to analysis. The hypothesis that the proportion of streams displaying significant nutrient limitation (as indicated by NDS bioassays) did not differ among seasons was tested using a Chisquare contingency table.
Rates of biomass accrual and the degree of nutrient limitation were correlated with the maximum discharge during bioassay incubations, the number of days in flood during bioassay incubations, streamwater nutrient concentrations, conductivity, temperature, and the biomass and nutrient content of natural periphyton communities. Spearman's rank correlation method was used to minimize distributional assumptions. These correlation coefficients should be interpreted cautiously, because each site could contribute up to 4 data points (1 for each season) to the analysis. Even though they were collected at -3-mo intervals, data from the same site may not be completely independent.
All analyses were done using Systat (version 5.2, SYSTAT Inc., Evanston, Illinois).
Results
Hydrological, chemical, and physical characteristics
Catchment area, discharge, flood frequency, and bed stability varied widely among the 12 streams; however, mean velocity at all sites was similar (Table 1) . Table 2A -D summarizes physical, chemical, and biological conditions at each site during NDS incubations. Nutrient concentrations were generally low, although Woolshed and Granity streams had high nitrate levels, possibly because of livestock pastures surrounding the sampling sites. Streamwater N:P ratios suggestive of both N and P limitation were observed. Mean seasonal water temperatures ranged from 3.5 to 14.4?C (winter to summer). The largest number and magnitude of high-flow events occurred during the spring NDS incubations, whereas both winter and summer bioassays were relatively undisturbed.
Seasonal patterns
Strong seasonal differences occurred in both biomass accrual rates and nutrient limitation of biomass accrual. Benthic algal biomass accrual rates (data pooled from all 12 study streams) differed significantly among seasons (p = TABLE 2. Physical, chemical, and biological parameters measured at the beginning, and hydrological parameters measured during the course of, the nutrient-diffusing substrata (NDS) incubations. AFDM = ash-free dry mass, Q = discharge, %Pc = cellular P content, %N, = cellular N content, -indicates that no data were collected. Slight discrepancies between nutrient concentrations and N: P ratios are a result of rounding. Fig. 1A) . The proportion of streams in which benthic algal biomass was significantly increased by nutrient amendment also differed significantly with respect to season (p < 0.025). Nine of 10 streams displayed significant nutrient stimulation (as indicated by NDS bioassays) in summer, whereas only 3 of 11 streams were nutrient-stimulated in winter (Fig. 1B) . Both autumn and spring showed intermediate values. The degree of nutrient limitation also displayed a highly significant (p = 0.003) seasonal pattern. The overall degree of nutrient limitation was greatest in the summer, lowest in the winter, and intermediate in the autumn and spring (Fig. 1C) . The results of individual NDS bioassays are summarized in the Appendix. Invertebrate densities on the NDS also showed significant (p < 0.001) seasonal variation; densities were lower in winter than in autumn or spring (Fig. 2) . The degree to which invertebrate densities were stimulated by nutrient amendment was also least in winter, but this trend was not significant. Water temperature was significantly correlated to benthic algal biomass accrual rates and the degree of nutrient limitation (Table 3 ). Low water temperatures appeared to inhibit benthic algal biomass accrual and reduce the degree of nutrient limitation. At higher temperatures, some bioassays exhibited great rates of biomass accrual and/or a high degree of nutrient limitation, but such responses were not universal; slow biomass accrual and low degrees of nutrient limitation were still observed (Fig. 3) . The degree of nutrient limitation was also negatively correlated with streamwater NO3-N concentrations (Table 3) . This pattern appeared to be largely caused by a few instances of strong nutrient limitation in very low-N systems (Fig. 4) . Neither benthic algal biomass accrual rates nor the degree of nutrient limitation was strongly correlated with any other variable considered (Table 3) .
Maxi
Method comparison
Streamwater N:P ratios were uncorrelated with cellular N:P ratios of natural periphyton communities (Spearman's rank correlation, r = 0.089, p > 0.5, n = 39) (Fig. 5 ). Streamwater N: P ratios were poor predictors of which nutrient limited NDS bioassays (Fig. 6A) . Although P limitation was only observed at relatively high (-30:1) N:P ratios, N limitation was also observed at high N:P ratios (up to -400:1). Colimitation of benthic algal biomass accrual by both N and P occurred over the entire range of streamwater N:P ratios. Similarly, cellular N:P ratios of natural periphyton communities also failed to predict which nutrient limited NDS lated to which nutrient limited NDS bioassays; limitation of NDS bioassays by N, P, and N + P occurred throughout wide, overlapping ranges of %Pc and %Nc values (Fig. 6C, 6D) Our results also suggest that benthic algae have the potential to impose a seasonal pattern on whole-stream nutrient transport. If seasonality in nutrient limitation of benthic algal biomass accrual is caused by reduced growth and sequestering of nutrients by benthic algae during colder periods, then a given quantity of a nutrient should move further downstream per unit time in winter than in summer (i.e., nutrient spiraling length will differ seasonally). Increased spiraling length would increase nutrient loss rates of a system (see Mulholland 1996) . In Walker Branch, Mulholland et al. (1985) found seasonal differences in PO4-P uptake by periphyton, with the greatest uptake rates occurring during periods most favorable for algal growth. However, changes in periphyton uptake of P04-P did not alter P spiraling length, because of the much greater influence of P04-P uptake by heterotrophic communities on coarse and fine particulate organic matter (C/FPOM). In systems without large amounts of C/FPOM (e.g., large gravel-bed rivers), seasonal differences in periphyton metabolism may strongly influence nutrient spiraling lengths.
Rates of biomass accrual displayed significant seasonal variation. The greatest rates occurred in summer, the lowest rates in winter, with intermediate rates in autumn and spring. A winter minimum in accumulation rates of lotic benthic algal biomass appears to be a general pattern in temperate streams (Butcher 1946 other New Zealand stream. As a whole, the data indicate that many (but not all) temperate streams show seasonal patterns of benthic algal biomass accrual. Seasonality of biomass accrual rates has implications for stream function. In addition to influencing nutrient spiraling (see above), recovery from localized disturbances (e.g., small-scale removal of algal biomass caused by activity of aquatic or terrestrial animals, see Peterson 1996) should occur much more quickly in summer than in winter.
A concurrent study documented seasonal variation in the productivity of natural benthic algal communities at these sites. Algal productivity was greatest during the summer, intermediate in autumn, and least in spring and winter (Biggs et al. 1999) . The similarities of the seasonal patterns in the productivity of natural algal communities and of algal biomass accrual rates on NDS suggests that seasonal differences in algal metabolic activity played an important role in algal biomass accrual on NDS.
Biomass was only measured at the end of the bioassay incubations, so it was impossible to calculate accrual rates using an exponential growth model (e.g., growth rates of Stevenson 1996) . Estimates of the exponential growth rate for each bioassay produced by assigning a low, non-zero value (0.001 mg chlorophyll a/m2) to day 0 biomass are highly correlated to linear accrual rates (Spearman's rank correlation, r = 0.774, p < 0.001, n = 39). The logarithmic estimates display highly significant seasonal differences identical to those of linear estimates, and correlations between the logarithmic estimates and the physical, chemical, and biological variables listed in Table 3 are essentially the same as those derived using linear estimates. Thus, the choice of model used to calculate accrual rates does not appear to alter the overall results of the study.
Streamwater and cellular N:P ratios did not covary. Therefore, both ratios could not have been simultaneously depicting algal nutrient status, and some factor(s) (e.g., N and P present in non-algal components of the periphyton, temporal variability in streamwater nutrient concentrations) was decoupling these ratios.
The identity of the nutrient that limited NDS bioassays could not be predicted from inspection of streamwater nutrient ratios. Although P limitation only occurred under high (-30:1) N: P ratios, N limitation occurred over a wide range of N:P ratios (from 4:1 to 400:1), as did N + P co-limitation. Many of the observed N:P ratios lay between 22 and 44, a range in which Schanz and Juon (1983) also found that streamwater N:P ratios did not accurately reflect which nutrient (N or P) limited algal growth. At N:P ratios <22, Schanz and Juon (1983) found that N was always the nutrient limiting algal growth. In this study, N limitation was common at streamwater N:P ratios <20:1, but N + P colimitation was also frequently observed at similar N:P ratios. Cellular nutrient ratios of natural periphyton also were poor predictors of NDS bioassay results. A wide range of cellular N:P ratios was associated with N, P, and N + P colimitation of NDS bioassays. The time lag between measurement of streamwater N:P ratios and obtaining bioassay results inherent in our study design may have also contributed to the lack of predictive power of streamwater N:P ratios. Streamwater N:P ratios were based on water samples collected at NDS deployment, whereas bioassays integrated nutrient conditions over the period of incubation. Streamwater nutrient concentrations at some sites displayed a great deal of variability (Biggs et al. 1999) . More detailed temporal assessment of streamwater N:P ratios may reveal a stronger relationship between streamwater nutrients and NDS bioassay results.
Similarly, cellular N:P ratios and nutrient content of natural periphyton communities may not have accurately depicted the nutrient status of algae grown on the NDS bioassays. The contribution of non-algal components of the periphyton to cellular N and P measurements could have been an important source of error. Although non-algal N and P did not appear to cause serious inaccuracies in earlier studies of similar systems (Biggs and Close 1989, Biggs 1995, Biggs et al. 1998a), it is a well-known problem in planktonic systems (e.g., Morris and Lewis 1988), and certainly occurs in benthic measurements (Kahlert 1998 ). Had we examined the cellular nutrient ratios or cellular nutrient content of the algae grown on the NDS, the relationship between cellular nutrients and bioassay results may have been much stronger. The time lag phenomenon discussed above may have also reduced the predictive power of cellular nutrient ratios and cellular nutrient quotas. Based on a review of the literature, Kahlert (1998) considered cellular N:P ratios of >32 to indicate P limitation of freshwater benthic algae, and cellular N:P ratios <12 to indicate N limitation. In our study, most cellular N:P ratios associated with either N-or P-limited bioassays were between 32 and 12; thus, our data neither support nor contradict this generalization.
Limited statistical power may have caused the prevalence of N + P co-limitation to be overestimated. It is possible that some communities exhibited small, (but real) increases in biomass as a result of the addition of a single nutrient (e.g., N) with further increases in biomass prevented by secondary limitation by another nutrient (e.g., P). When both nutrients were supplied in combination, such communities could have displayed greatly increased biomass. Small biomass increases resulting from single nutrient addition may have been statistically undetectable, but the much greater responses to addition of both nutrients are more likely to have been statistically significant. In such cases, the community would have been erroneously classified as co-limited by N + P. The possibility of not detecting real differences (i.e., type II error) is common to all uses of inferential statistics, and can be reduced by increased replication. Increased replication might have improved our ability to resolve some apparent cases of N + P co-limitation into either N or P limitation, thereby improving the agreement between experimental results and the inferences drawn from nutrient ratios or cellular nutrient content. For example, if the N + P co-limited communities grown at low and high streamwater N:P ratios were shown (via increased replication and greater statistical power) to actually be N and P limited, respectively, then experimental results would validate N:P ratio predictions. In some cases, improved ability to classify communities as either N or P limited would not increase the agreement between predictions and experimental results because of the overlapping ranges of nutrient ratios and cellular nutrient content associated with bioassays already identified as being limited by either N or P.
Non-significant responses of algal biomass to nutrient amendment were observed over wide a wide range of N:P ratios and cellular nutrient content. This result is to be expected; N:P ratios provide no information as to whether nutrients are limiting, they only suggest which nutrient (N or P) may be limiting. Similarly, without information about the importance of other potentially limiting factors, cellular nutrient content cannot be used to predict whether nutrients are limiting.
In conclusion, rates of benthic algal biomass accrual and the magnitude of additional growth as a result of nutrient amendment varied seasonally. Biomass accrual rates and nutrient stimulation of growth were greatest in the summer, least in the winter, and intermediate in spring and autumn. The discordance observed among several methods commonly used to infer which nutrient (N or P) is potentially limiting to algal biomass demonstrates that they are not universally interchangeable. Each technique has its assumptions and limitations; some accurately reflect algal nutrient status under a narrowly circumscribed set of conditions. Choosing the technique appropriate for a given purpose is critical. a a,b 
